The development of flax (Linum usitatissimum L.) fibers was studied to obtain better insight on the progression of their high mechanical performances during plant growth. Fibers at two steps of plant development were studied, namely the end of the fast growth period and at plant maturity, each time at three plant heights. The indentation modulus of the fiber cell wall was characterized by atomic force microscopy (AFM) using peak-force quantitative nano-mechanical property mapping (PF-QNM). Changes in the cell wall modulus with the cell wall thickening were highlighted. For growing plants, fibers from top and middle heights show a loose inner Gn layer with a lower indentation modulus than mature fibers, which exhibit thickened homogeneous cell walls made only of a G layer. The influence of these changes in the fiber cell wall on the mechanical performances of extracted elementary fibers was also emphasized by tensile tests. In addition, Raman spectra were recorded on samples from both growing and mature plants. The results suggest that, for the fiber cell wall, the cellulose contribution increases with fiber maturity, leading to a greater cell wall modulus of flax fibers.
Introduction
For centuries, flax (Linum usitatissimum L.) has been cultivated as a fiber crop in order to produce textiles [1] . Fiber flax is not only used in the clothing industry, as its technical fibers have also been used as reinforcement for composite materials since the 1930s [2] . Flax technical fibers are composed of elementary fibers, whose average performances reach a longitudinal Young's modulus of 52.47 ± 8.57 GPa, a tensile strength of 945 ± 200 MPa, and a strain at break of 2.07 ± 0.45%; furthermore, their average specific mechanical properties were proven to compete with those of glass fibers [3] .
In addition, flax is also a unique model for studying cell growth. Indeed, its fibers can reach a length of several tens of millimeters [4] . Moreover, the cell wall thickness in fibers is impressively high, as it can reach more than 10 µm, while most cell walls are less than a few microns thick [5] .
These geometrical singularities make flax a very interesting reference regarding cell development and elongation [4] .
As in plant cells, the complex mechanism of fiber development can be simplified into two main steps: elongation and thickening [6] . Their elongation appears only at the top part of the stem, above a region called "snap point," also identified as the point where a change in effort is required to easily break the stem by hand [7] . Crop growth takes place over 50-70 days and finalizes during flowering [8] . Moreover, for flax, the crop growth is itself divided into different phases. First, fast growth occurs about a month after sowing, over a 15-day period during which the stem elongates several centimeters per day. The stem grows from 10-20 to 80 cm during fast growth. Once fast growth slows down, the stem keeps growing upon floral budding, i.e., until the plant is about 60-70 days old. The intensive thickening of the cell walls lasts about 60 days and takes place mainly below the snap point [7] . More precisely, the thick cell wall of fibers, called either the S2 or G layer, with a gelatinous appearance due to its gel-like matrix similar to tension wood fibers [9] , is progressively formed from the conversion of an inner sublayer known as Gn layer [5] . Later on, the G layer increases in thickness until complete conversion of Gn layer which leads to a more homogeneous and compacted layer, over cell maturation [5] . Finally, fiber maturity is reached about 120 days after sowing and plants are pulled out to undergo a dew retting process [8] .
Even though the course of fiber development is known, the consequences in terms of mechanical properties over plant growth have yet to be characterized. How does the cell wall development lead to the impressive geometrical and mechanical properties of flax fibers? This study investigates the characteristics of cell wall properties of flax fibers during plant development. Two important stages of the development were studied: finalization of crop growth (60 days after sowing) and maturity (120 days after sowing). Moreover, three height positions in the stem were chosen for the investigation, namely top, bottom, and middle parts of the stem. The evolution of the local indentation modulus of fiber cell wall layers was characterized by peak-force quantitative nano-mechanical property mapping (PF-QNM), a powerful tool for imaging possible gradients in stiffness of wood and other plant cell walls [10, 11] . Mechanical properties of extracted single fibers over plant growth were also estimated by tensile tests, a reliable method to evaluate the average apparent tensile properties of flax fibers [3] . Finally, cellulose contribution was investigated over plant development using confocal Raman spectroscopy [12] [13] [14] , in order to correlate the indentation modulus and the fiber structure.
Materials and Methods

Plant Material and Culture Conditions
Flax seeds (Eden variety) were provided by Terre de Lin (a French agricultural cooperative based in Normandy). Sowing was done at the end of March 2016 in Lorient (France). A seeding density of 1800 plants/m 2 was used, which corresponds to the conventional density for flax cultivation [8] . A first batch of stems was pulled out 60 days after sowing (60 days batch), during the finalization of fast growth period of plant development. The second batch was pulled out at maturity, 120 days after sowing (120 days batch).
Sample Preparation Prior Atomic Force Microscopy (AFM) Peak Force Quantitative Nano-Mechanical (QNM) Measurements
For each batch, samples of 1 cm long were cut from stems using a razor blade, immediately after plants being pulled out. Three samples per stem, using a single stem per sampling date, were taken: the bottom one around 2 cm above cotyledons, one sample from middle height, and one at the top around 2 cm below the snap point (60 days batch) or below the first stem ramification (120 days batch). Samples were immediately placed in an ethanol/deionized water solution (1/1) for several days and stored at 4 • C.
Flax stem samples were then treated with a series of ethanol/deionized water solutions progressively enriched in ethanol (50%, 75%, 90%, and 100%). Dehydrated samples can so be embedded in a mixture of increasing ratios of London Resin (LR)-White acrylic resin/ethanol (25%, 50%, 75%, and 100% resin). Final resin polymerization was performed in an oven (60 • C overnight).
Embedded samples were finally machined into a pyramidal shape to reduce their cross-section and cut using an ultramicrotome (Leica Ultracut R) equipped with diamond knives (Diatome Histo and Ultra AFM). It is well-known that the procedure of sample preparation before embedding as well as the embedding medium itself can modify cell wall properties [15, 16] but not that much for LR-White or other acrylic-like resin [17, 18] , especially with the reduction in time at each step of the embedding process used in the present study. The authors thus consider that stiffness values are not significantly affected by the embedding resin in the present study. Moreover, it is mandatory for the present study to use embedded samples prior to AFM peak-force QNM measurements. First of all, the mentioned preparation reduces the artifacts coming from the sample surface roughness or border effect in order to provide reliable contact moduli [10] . In addition, in order to maintain the cell wall structure and avoid G layer detachment and collapse due to stress release during the sample surface preparation, namely during the cutting process, it is necessary to fill the lumen of fibers by embedding [19] . Nevertheless, the local indentation modulus does not correspond to in planta values but to dry ones and cannot be assimilated to absolute values of the longitudinal cell wall stiffness [20] . However, relative values can be taken into account for suitable comparisons.
AFM Peak Force QNM Measurements
AFM measurements were performed with a Multimode AFM instrument (Bruker Corporation, Santa Barbara, CA, USA). PF-QNM imaging mode with a RTESPA-525 (Bruker) probe with a spring constant of 139 N/m and a tip radius between 15 and 35 nm were used. The tip and cantilever of the probe were calibrated as detailed in Arnould et al. [11] . A scan rate of 8 µm/s and a maximum load of 200 nN were used for all the measurements. Nanoindentation measurements of the indentation modulus of the embedding resin and at some location in cell wall G layers of each sample were also done and serve as a control for AFM measurements [11] .
Tensile Tests Performed on Extracted Elementary Fibers
For each batch, samples of 10 cm long were cut from the middle part of the stems and immediately placed in an ethanol/deionized water solution (1/1) for several days at 4 • C. Then, elementary fibers were extracted manually after immersion of the samples in 1/1-ethanol/water for at least 24 h to facilitate the extraction. Fiber strain at break, strength at break, and tangent Young's modulus were determined from tensile tests on elementary fibers (NF T25-501-2). For each tested batch, the fiber testing experiment was performed as detailed in Goudenhooft et al. [21] . To consider the real cell wall contribution, i.e., to take the presence of the lumen into account, the mean effective cell wall filling ratio of fibers from mid-stem was measured optically on the stem cross-section.
Raman Spectroscopy
Raman spectra were obtained using a confocal Raman system (InduRam, Jobin-Yvon, Palaiseau, France). The system consists of a 785 nm laser source with a 2 µm laser spot and a BX41 microscope (Olympus) with an objective of magnitude 50 (NA 0.50). All spectra were obtained on machined LR-White embedded stem samples (previously used for AFM measurements) by averaging 60 measurements (2 s integration time) in the 300-1800 cm −1 range. Pure resin spectra were also collected to numerically remove its contribution from fibers spectra when necessary.
Statistical Analysis
Multivariate statistical analyses were performed using Raman spectra. LDA (Linear Discriminant Analysis) was used to discriminate age groups and to correlate the indentation modulus with Raman spectra. All analyses were performed with The Unscrambler (Camo, Oslo, Norway) software.
Results and Discussion
AFM Peak Force QNM Measurements
To monitor the fiber indentation modulus along the stem during plant growth, bottom, middle, and top parts of a single stem were analyzed. Figure 1 shows AFM images from three samples of a single 60-day old plant, where fibers during thickening of the cell wall are visible. 
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The top part of the stem is characterized by fibers with thinner cell walls (Figure 1a) . Their low indentation modulus (13.0 ± 2.5 GPa) is attributed to predominant loose portions of the Gn layer, whereas the G layer is almost invisible. For this newly formed layer in the thickened cell wall, the loose portions of the Gn layer (schematized on Figure 1 ) might result from long galactan chains present in the nascent version of tissue-and stage-specific rhamnogalacturonan-I. The galactan chains separate cellulose microfibrils, leading to their loose packing [5] .
At mid-stem (Figure 1b) , gradients in terms of local indentation modulus are visible on fiber cell walls, with averages values from 14.0 ± 1.8 GPa for the Gn layer to 18.0 ± 1.9 GPa for the G layer [11] . The looser appearance of the Gn layer and its lower indentation modulus compared to the G layer argue for a mechanism of aggregation of cellulose microfibrils and entrapment of the matrix material, during the maturation of the cell wall from Gn to G layer. This maturation could induce a change in the cell wall structure that leads to changes in the mechanical properties, in parallel to the induction of the tensile stress [9, 22] . However, when the fibers from the bottom part of the plant are considered (Figure 1c) , although a thin Gn layer is still visible at this stage of growth, the major portion of the thickened cell wall is much more homogeneous and gives higher mechanical properties (an indentation modulus of 19.5 ± 2.9 GPa). In fact, the G layer increased in thickness until the almost complete conversion of the Gn layer, leading to a more homogeneous and compacted layer [5] . Visualization of the differences in mechanical properties between distinct cell wall layers in developing flax fibers clearly matches the previously published pictures obtained by immunolabeling with LM5 antibody [23, 24] , with LM5 specifically recognizing beta-1,4-galactans [25] . Based on these works, the Gn layer has a much higher density of labeling than the G layer, indicating that modification of the rhamnogalacturonan-I side chains is important for the developing of cell wall mechanical properties. Finally, from a mechanical and structural point of view, at a given time, the growing flax plant gathers, from its top to its bottom, all developing steps of the fiber cell walls.
To evaluate the development and properties of the fiber cell wall along the stem at fiber maturity (corresponding to the conventional pulling time), additional AFM images were collected. Figure 2 shows that fibers from all stem locations exhibit thick cell walls with homogeneous indentation moduli within single fibers, but also between fibers (17.3 ± 1.7 GPa for the top, 18.4 ± 1.3 GPa for the middle, and 17.7 ± 1.4 GPa for the bottom fibers). At mid-stem (Figure 1b) , gradients in terms of local indentation modulus are visible on fiber cell walls, with averages values from 14.0 ± 1.8 GPa for the Gn layer to 18.0 ± 1.9 GPa for the G layer [11] . The looser appearance of the Gn layer and its lower indentation modulus compared to the G layer argue for a mechanism of aggregation of cellulose microfibrils and entrapment of the matrix material, during the maturation of the cell wall from Gn to G layer. This maturation could induce a change in the cell wall structure that leads to changes in the mechanical properties, in parallel to the induction of the tensile stress [9, 22] . However, when the fibers from the bottom part of the plant are considered (Figure 1c) , although a thin Gn layer is still visible at this stage of growth, the major portion of the thickened cell wall is much more homogeneous and gives higher mechanical properties (an indentation modulus of 19.5 ± 2.9 GPa). In fact, the G layer increased in thickness until the almost complete conversion of the Gn layer, leading to a more homogeneous and compacted layer [5] . Visualization of the differences in mechanical properties between distinct cell wall layers in developing flax fibers clearly matches the previously published pictures obtained by immunolabeling with LM5 antibody [23, 24] , with LM5 specifically recognizing beta-1,4-galactans [25] . Based on these works, the Gn layer has a much higher density of labeling than the G layer, indicating that modification of the rhamnogalacturonan-I side chains is important for the developing of cell wall mechanical properties. Finally, from a mechanical and structural point of view, at a given time, the growing flax plant gathers, from its top to its bottom, all developing steps of the fiber cell walls.
To evaluate the development and properties of the fiber cell wall along the stem at fiber maturity (corresponding to the conventional pulling time), additional AFM images were collected. Figure 2 shows that fibers from all stem locations exhibit thick cell walls with homogeneous indentation moduli within single fibers, but also between fibers (17.3 ± 1.7 GPa for the top, 18.4 ± 1.3 GPa for the middle, and 17.7 ± 1.4 GPa for the bottom fibers). The loose Gn layer is still visible in some fibers, mainly in the top location (Figure 2a ). This unfinished Gn layer transformation, representing only a negligible part of the whole fiber section, could be attributed to a lack of time to reach fiber maturity at the top level, as these fibers were the latest to be formed. Even though strong but stable wave artifact (coming from AFM laser interferences The loose Gn layer is still visible in some fibers, mainly in the top location (Figure 2a ). This unfinished Gn layer transformation, representing only a negligible part of the whole fiber section, could be attributed to a lack of time to reach fiber maturity at the top level, as these fibers were the latest to be formed. Even though strong but stable wave artifact (coming from AFM laser interferences that lead to adhesion force artifacts) is visible on every image given in Figure 2 , it does not prevent the comparison of neither the changes in the fiber morphology nor the relative average indentation modulus. Finally, at maturity, fibers are well formed with thickened cell walls, i.e., small lumens. Moreover, mature fibers exhibit a high and homogeneous indentation modulus whatever their location along the stem. In addition, diversity in absolute values may exist between plants, since the materials studied are of biological origin. This may explain to a large extent why the indentation moduli of G layers in Figure 2 are sometimes slightly lower than those in Figure 1b,c. 
Tensile Tests Performed on Extracted Elementary Fibers
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In order to evaluate the influence of the Gn layer at a larger scale, mechanical properties of elementary fibers were characterized by tensile tests. Fibers from mid-stem for both 60-day-old plants and mature ones were tested, as only the former batch showed a Gn layer on AFM images. Figure 3 gives the comparison between the properties of elementary flax fibers extracted from the plants previously mentioned. For developing fibers with a filling rate of 63.1 ± 8.1%, an average tangent Young's modulus of 32.4 ± 11.9 GPa, and a strength at break of 680 ± 337 MPa were estimated, whereas much higher performances were observed for mature fibers (namely, a tangent modulus of 45.3 ± 9.7 GPa and a strength at break of 965 ± 302 MPa). These values correspond to the whole cell wall average longitudinal Young's modulus and strength at break, as the presence of the lumen has been taken into account. However, both batches exhibit a similar strain at break, namely 2.12 ± 0.55% for developing fibers and 2.18 ± 0.51% for mature ones. It is important to keep in mind here that values of indentation modulus in the fiber cell wall are lower than the longitudinal tangent Young's modulus due to the anisotropic behavior of the cell wall layers [20] . In addition, the relationship between the indentation modulus and the tensile modulus of developing fibers as well as of mature fibers is in accordance with the values given in the literature [26] . For developing fibers with a filling rate of 63.1 ± 8.1%, an average tangent Young's modulus of 32.4 ± 11.9 GPa, and a strength at break of 680 ± 337 MPa were estimated, whereas much higher performances were observed for mature fibers (namely, a tangent modulus of 45.3 ± 9.7 GPa and a strength at break of 965 ± 302 MPa). These values correspond to the whole cell wall average longitudinal Young's modulus and strength at break, as the presence of the lumen has been taken into account. However, both batches exhibit a similar strain at break, namely 2.12 ± 0.55% for developing fibers and 2.18 ± 0.51% for mature ones. It is important to keep in mind here that values of indentation modulus in the fiber cell wall are lower than the longitudinal tangent Young's modulus due to the anisotropic behavior of the cell wall layers [20] . In addition, the relationship between the indentation modulus and the tensile modulus of developing fibers as well as of mature fibers is in accordance with the values given in the literature [26] .
Raman Spectral Results
In order to highlight potential differences in terms of composition between the samples, an analysis combining Raman spectroscopy with a linear discriminant analysis was performed. In this way, the degree of plant maturity was used as a parameter, i.e., all Raman spectra from 60 day samples were used as a single batch, while 120 day samples led to spectra identified as the other batch. The LDA led to 89% of correctly discriminated spectra for the 60 days batch, while 83% of the 120 days batch was correctly discriminated. For each batch, an average Raman spectrum was computed from the correctly discriminated spectra only (Figure 4a) . By comparing these average spectra from the two batches, one can notice that the same Raman lines can be identified, proving that the qualitative cell wall composition is unchanged over cell wall development. 
In order to highlight potential differences in terms of composition between the samples, an analysis combining Raman spectroscopy with a linear discriminant analysis was performed. In this way, the degree of plant maturity was used as a parameter, i.e., all Raman spectra from 60 day samples were used as a single batch, while 120 day samples led to spectra identified as the other batch. The LDA led to 89% of correctly discriminated spectra for the 60 days batch, while 83% of the 120 days batch was correctly discriminated. For each batch, an average Raman spectrum was computed from the correctly discriminated spectra only (Figure 4a) . By comparing these average spectra from the two batches, one can notice that the same Raman lines can be identified, proving that the qualitative cell wall composition is unchanged over cell wall development. Average Raman spectra obtained from the correctly discriminated spectra of the 60 day and 120 day samples, respectively (a) and their difference spectrum (b). Raman lines 382 cm −1 , 1097 cm -1 , 1123 cm −1 , and 1385 cm −1 (attributed to cellulose) differentiate the two levels of flax cell wall maturity, with higher intensities for the 120 day sample. The Raman line 842 cm −1 (attributed to galactans) decreases with fiber maturity, as does the 603 cm −1 one (which corresponds to the embedding resin, whose content decreases as lumen size, with fiber wall thickening, decreases).
In addition, the difference spectrum of the average spectra of the two batches is also displayed (Figure 4b ). From this difference spectrum, several Raman lines allow for distinguishing discriminant between the two levels of maturity. Firstly, the Raman line 842 cm −1 decreases with fiber maturity; this line can be attributed to pectic polysaccharides such as galactans [13, 27] . This decrease is in accordance with the changes in the galactan structure occurring during the transformation of the Gn layer into the G layer, previously highlighted in Figure 1 , namely long galactan chains are partially trimmed off from the rhamnogalacturonan-I backbone by the action of tissue-specific galactosidase [5] . Secondly, Raman lines 382 cm −1 , 1097 cm −1 , 1123 cm −1 , and 1385 cm −1 also differentiate the fiber maturity. Similar wavelengths (379 cm −1 , 1095 cm −1 , 1120 cm −1 , and 1379 cm −1 ) have been reported in the literature as characterizing microcrystalline cellulose [13] , while 1380 cm -1 was found to selectively characterize the G layer of poplar wood [28] . Moreover, these wavelengths were also assigned to specific vibrational modes related to molecular groups of cellulose [14] . It can be assumed that changes in the cellulose microfibrils appear with fiber maturity; this could be linked to the increase of the microfibrils volume fraction during their aggregation (scheme in Figure 1 ), leading to better mechanical properties, namely a higher cell wall indentation modulus characterizing the mature fibers. Average Raman spectra obtained from the correctly discriminated spectra of the 60 day and 120 day samples, respectively (a) and their difference spectrum (b). Raman lines 382 cm −1 , 1097 cm -1 , 1123 cm −1 , and 1385 cm −1 (attributed to cellulose) differentiate the two levels of flax cell wall maturity, with higher intensities for the 120 day sample. The Raman line 842 cm −1 (attributed to galactans) decreases with fiber maturity, as does the 603 cm −1 one (which corresponds to the embedding resin, whose content decreases as lumen size, with fiber wall thickening, decreases).
In addition, the difference spectrum of the average spectra of the two batches is also displayed (Figure 4b ). From this difference spectrum, several Raman lines allow for distinguishing discriminant between the two levels of maturity. Firstly, the Raman line 842 cm −1 decreases with fiber maturity; this line can be attributed to pectic polysaccharides such as galactans [13, 27] . This decrease is in accordance with the changes in the galactan structure occurring during the transformation of the Gn layer into the G layer, previously highlighted in Figure 1 , namely long galactan chains are partially trimmed off from the rhamnogalacturonan-I backbone by the action of tissue-specific galactosidase [5] . Secondly, Raman lines 382 cm −1 , 1097 cm −1 , 1123 cm −1 , and 1385 cm −1 also differentiate the fiber maturity. Similar wavelengths (379 cm −1 , 1095 cm −1 , 1120 cm −1 , and 1379 cm −1 ) have been reported in the literature as characterizing microcrystalline cellulose [13] , while 1380 cm -1 was found to selectively characterize the G layer of poplar wood [28] . Moreover, these wavelengths were also assigned to specific vibrational modes related to molecular groups of cellulose [14] . It can be assumed that changes in the cellulose microfibrils appear with fiber maturity; this could be linked to the increase of the microfibrils volume fraction during their aggregation (scheme in Figure 1 ), leading to better mechanical properties, namely a higher cell wall indentation modulus characterizing the mature fibers.
Conclusions
PF-QNM AFM and Raman spectroscopy were combined to investigate the properties of flax fiber cell walls over plant development. The lowest indentation modulus (13) (14) , characterizing the Gn layer, were measured for growing fibers. However, the mature G layer exhibits a greater indentation modulus (about 18 GPa). The evolution of mechanical properties over fiber development was confirmed by tensile tests. In addition, thickened cell walls in fibers have a homogeneous morphology, as the Gn layer is completely transformed in the G layer over cell maturation. Raman spectroscopy highlights a change in cellulose over fiber thickening. Thus, for the flax fiber cell wall, changes in the mechanical properties measured by AFM could be attributed to the microfibril aggregation (transforming Gn into G) that takes place over cell wall development. A precise description of the changes in the cellulose structure could not be performed in this study and would require further investigations.
